Biomass burning is a major source of greenhouse gases and influences regional to global climate. Pre-industrial fire-history records from black carbon, charcoal and other proxies provide baseline estimates of biomass burning at local to global scales, but there remains a need for fire proxies that span millennia in order to understand the role of fire in the carbon cycle and climate system. We use the boreal fire biomarker levoglucosan, and multi-fire source black carbon and ammonium concentrations to reconstruct fire activity from the North Greenland Eemian (NEEM) ice cores (77.49° N; 51.2° W, 2480 masl) over the past 2000 years to infer changes in boreal fire activity. Increases in boreal fire activity over the periods 1000 -1300 CE and 1500 -1700 CE coincide with the most extensive central and northern Asian droughts of the past two millennia. Changes in the concentrations of biomass burning tracers in the NEEM ice cores coincide with temperature changes throughout much of the past 2000 years except for during periods of extreme drought, when precipitation changes are the dominant factor.
Introduction
Fire influences regional and global climate through the emission of greenhouse gases and particulates that reflect 1 and absorb incoming solar radiation (Ramanathan and Carmichael, 2008; Bowman et al., 2009; IPCC, 2013 ).
2
Biomass burning plays an important role in the carbon cycle as it emits up to 50% as much CO 2 as fossil fuel 3 combustion (Bowman et al., 2009) . Fire products such as black carbon (BC) have a radiative absorption forcing 4 up to 55% that of CO 2 , which is greater and a greater influence than that of other greenhouse gases, forcings 
9
Estimates of the radiative forcing of combined biomass burning aerosols are still not well defined but are in the 
14
Fire influences the climate system, but in turn centennial-scale Holocene fire variations are influenced by climate 15 (Marlon et al., 2013; Power et al., 2008) . Precipitation decreases fuel flammability (Pechony and Shindell, 2010) 16 but biomass burning is highest at intermediate moisture levels (Daniau et al., 2012) , a balance must therefore be 6 77
Biomass Burning Proxies

78
There are many potential indicators or proxies of past fire activity, such as altered products of plant combustion
79
(e.g. charcoal, BC), partially combusted biological material (e.g. fire scars in tree rings), or chemical markers 
86
(1992), which demonstrates that the concentration of ammonium and organic acids including light carboxylic 87 acids, significantly increase above background levels in Greenland ice layers during forest fire events. Among 
90
Legrand and DeAngelis (1996) demonstrates that high latitude biomass burning episodes increase light weight
91
carboxylic acid concentrations by 20 -30 % in Greenland ice. In addition to strong increases of ammonium,
92
formate and oxalate concentrations, Savarino and Legrand (1998) found slight increases of nitrate coincident
93
with fire events recorded in Greenland ice. However, lightweight carboxylic acids and major ions (potassium
94
(K + ), ammonium (NH 4 + ) and nitrate (NO 3 -)) are not specific for biomass burning since they can be emitted by 95 multiple sources. K + and NH 4 + , for example, are also emitted from numerous other sources and thus must be 96 corrected accordingly in order to provide source-specific information (Savarino and Legrand, 1998) . Of the 97 available ionic proxies, K + is less useful due to marine and terrestrial sources, even if corrected to remove these 98 contributions (e.g. non-sea-salt and non-crustal K + ) (Legrand and DeAngelis, 1996 ; Savarino and Legrand, 1998) 
116
however, and lacks well-defined characteristics (Goldberg, 1985; Masiello, 2004 
176
Preanalytical procedures (analyte extraction and purification) are avoided and sample contamination minimized.
177
NH 4 + and the other major ions were measured by CFA on the deep NEEM core directly in the field during 
208
The BC and levoglucosan measurements were sampled at different resolutions. 
243
differ from the GCD procedure in our treatment of individual spikes, as these strongly affect multi-decadal 244 trends, even when using a LOWESS regression model.
245
In summary, to highlight long-term fire changes we followed the following procedure (details are included in the
246
Supplementary Information):
247
• Removing spikes above the fixed threshold 3rd_Q + 1.5 x IR
248
• Z-score transformation
249
• 
266
(Z-score = 10.9) also occurs in the BC data, where the Z-score is 19.0 (Table 1) .
268
Strong fluctuations in the temporal profile dominate the record from decadal to centennial perspectives. Relative 269 maxima in the levoglucosan profile are evident between 1000 -1300 CE and 1500 -1700 CE, and with a lesser 270 extent around 500 CE and 100 CE, while the lowest fire activity is evident around 700 -900 CE and with a 271 lesser extent around 1300 -1500 and 1700 -1800 CE (Fig. 3A) . 
310
Many levoglucosan spikes correspond with documented fire activity in Greenland or in other Northern
311
Hemisphere ice cores, and are generally supported by the other pyro-proxies measured in the NEEM ice core
312
( (Fig. 2) .
344
Decadal to centennial fire activity variability
345
The NEEM levoglucosan centennial scale maximum (1500 -1700 CE, Fig. 3A ), the highest of the past two 346 millennia, coincides with data from the Belukha ice core, Siberia , that documents a period 347 of increased fire activity between 1550 -1700 CE where 1600 -1680 CE records the highest forest fire activity 348 over the last 750 years (Fig. 3D ). High fire activity between 1500 -1600 CE was also inferred from formate and 349 ammonium analyses on the EUROCORE, Greenland ice core, when "high frequency and low intensity of fires"
350
were synchronous with dry climate conditions (Savarino and Legrand, 1998 356 over the past millennium in the NEEM-2011-S1 is dated to 1909.5 CE (Fig. 2B) by levoglucosan data during the past two millennia (Fig. 3B) . The prominent levoglucosan minimum between fire activity, while the smoothed NEEM levoglucosan strongly peaks (Fig. 3B ). This period of decadal-scale 408 increased biomass burning is seen in both the levoglucosan and BC records in the NEEM ice cores, including
409
individual levoglucosan peaks with Z-scores up to 2.8 (Table 1) . We infer that the 1500 -1700 CE maximum in 410 fire activity is due to increased Eurasian boreal forest fires (Figure 3) , which are probably underrepresented in 411 the GCD, reflecting the bias in the geographical distribution of GCD sites. Over 50 high latitude North American
412
sites exist yet Siberia only has less than 10 lake cores > 60°N which span a distance of over 7000 km. 
490
The correspondence of the major NEEM levoglucosan peaks with periods of extreme droughts in northern 491 central Asia (Table 2) suggests that Asia may be an important fire source during major fire events while North
492
America may be a more important source for background fire activity. Boreal wildfires can generate sufficient 
501
to peaks in the NEEM ice core suggesting that these sites may receive a contribution from Siberian fire activity 502 (Fig. 3) . Our work suggests that Siberia is an important source of burning signatures inferred in Arctic ice fields 503 during extreme fire events.
505
Climatic and Anthropogenic Influences on Decadal to Centennial Changes in Fire Activity
506
Fire frequency and intensity depend on regional climatic and environmental influences, where vegetation type, 
Precipitation
538
Ice core, tree-ring proxy records and archival evidences document extensive north-central Asian droughts 539 concurrent with the strongest centennial-scale levoglucosan concentrations during the 16 th and 17 th centuries 540 including two strong events (1593 -1603 CE and 1617 -1622 CE) (Fig. 2, Table 1 and 2). The Siberian
541
Belukha ice core identifies a period of exceptionally high forest-fire activity between 1600 -1680 CE, following 
615
The differences between the GCD, δ 
645
Our results demonstrate the greatest amount of decadal-scale fire activity during the mid-1600s. We conclude
646
that the 1500 -1700 CE maximum in fire activity is due to increased boreal forest fires, caused by extensive dry monsoon failures "exceptionally large from a perspective of the last 1000 yr" 1789-1793 India archival evidences of drought (Grove, 1998) 
